It is a common notion that mature B lymphocytes express either K or X light (L) chains, although the mechanism that leads to such isotypic exclusion is still debated. We have investigated the extent of L chain isotypic exclusion in normal human peripheral blood B lyrnphocytes. By threecolor staining with anti-CD19, anti-K, and anti-X antibodies we could estimate that 0.2-0.5% of peripheral blood B cells from healthy adults express both K and X on the cell surface. The K + X+ cells were sorted, immortalized by Epstein-Barr virus, and five independent clones were characterized in detail. All clones express both K and ~, on the cell surface and produce immunoglobulin M that contain both K and ~ chains in the same molecule, i.e., hybrid antibodies. Sequencing of the L chains revealed in three out of five clones evidence for somatic mutations. It is interesting to note that among a panel of single receptor B cell clones we identified two X + clones that carried a productively rearranged K, which was inactivated by a stop codon generated by somatic mutation. These findings indicate that dual receptor B lymphocytes can be found among mature antigen-selected B cells and suggest that somatic mutation can contribute to increase the degree of isotypic exclusion by inactivating a passenger, nonselected L chain.
I
t is generally accepted that mature B lymphocytes make . antibodies with one single type of L chain, either K or X (1, 2) . In most cases, this isotypic exclusion is due to the fact that mature B cells express only one productively rearranged L chain gene. The mechanism responsible for this phenomenon has not been definitively established. An instructive/regulated model proposes a precise order of L chain gene rearrangement starting at one chromosome, first at the K and then at the ~ locus (3, 4) . A stochastic model proposes that isotypic exclusion results from the high frequency of nonproductive rearrangements and by a different recombination frequency of K and X loci (5, 6) .
In both cases, the termination of L chain genes rearrangement (coincident with downregulation of recombinant activating gene i [RAG1] and RAG2 gene expression) is mediated by the surface deposition of a complete Ig molecule (7) (8) (9) . Although this is a necessary requirement, the production of a complete membrane (mlg) may not always be sufficient to terminate recombination. This may occur when the specificity of the antibody is inappropriate either because it is autoreacfive (10--12) or because it fails to promote positive selection (13) .
There are only few exceptions to the rule of isotypic exclusion. In humans, expression of both K and X chains on the same cell has been described in myelomas (14, 15) , as well as in one EBV-transformed clone (16) and in one B cell line (17) isolated from fetal bone marrow, but not in the normal mature repertoire.
Here we report that a small but discrete fraction of human peripheral blood B cells carries both K and X chains as part of the same Ig molecule and can undergo somatic hypermutation. Furthermore, in K+~,+B cells somatic mutations may increase the degree of isotypic exclusion by inactivating one of the two L chain genes.
Materials and Methods

FACS Staining and Isolation of B Cell
Clones. PBMC were stained with red 613-labeled anti CD19 (GIBCO BRL, Gaithersburg, MD), FITC-labeled anti-K and PE-labeled anti-X (both from Dakopatts, Glostmp, Denmark). CD19+K+X + sorted cells were immortalized in limiting dilution cultures in Terasaki plates. The medium was complete ILPMI 1640 containing 10% FCS, 30% supernatant of the EBV-produdng marmoset cell line B95. 8, 30 I~g/ml of 90% saturated human transferrin, 500 ng/ml cyclosporin A, and 5 x 10Vml irradiated (3,500 tad) allogeneic PBMC as feeder cells. After 3 wk the B cell clones were transferred to 96-weU plates in the presence of irradiated feeder cells and subsequently expanded in medium alone. The B cell clones were analyzed by two-color staining using FITC-conjugated F(ab)2 anti-K and PE-conjugated F(ab)~ anti X (Southern Biotechnology Associates, Birmingham, AL). The DNA content of the B cell clones was determined as described (18) .
Detection of Ig and Hybrid Antibodies by ELISA.
Polystyrene microplates (F-Form, Greiner, Frickenhausen, Germany) were coated overnight at 4~ with 5 #g/ml goat anti-human/~, y, K, or X (Southern Biotechnology Associates) in carbonate-bicarbonate buffer, pH 9.6. The plates were washed with PBS and incubated at room temperature with saturation buffer (200 mM Tris-HC1, pH 7.5, containing 1% BSA). After 2 h the buffer was discarded and dilutions of the samples in PBS-1% FCS-0.2% Tween 20 were added for 2 h. The plates were washed and the alkaline phospha- tase-conjugated goat anti-human K, X, #, or 3' was added for 1 h.
After a final wash the enzyme activity bound was determined using 1 mg/ml p-nitrophenylphosphate in coating buffer.
RT-PCRandDkectSequencingofVKandVA Chains. TotalRNA was extracted from 1-3 x 106 cells as described (19) Sequencing of Gerraline VK Genes. DNA was extracted from 106 T cells and 0.5 #g was PCR amplified with oligonudeotides specific for the VgIV-subgroup member VKB3 (VrB3-5', GGC-TCTTGATTTACATTGGG; VKB3 Y, AAAGTATTAGGAAAG-TGCAC) and for the VrlI subgroup segment VrA3 (VxA3 5" AT'IGCTCACAGGAGAGACAT; VKA3 Y, CAGCACATGTGA-GCAACTGG). The products were purified and sequenced as above.
Results
Identification of e+A + B Cells and Isolation of Clones that Produce Hybrid Antibodies. To identify B cells expressing both
K and h proteins, PBMC were stained with FITC-labeled anti-K, PE-labded anti-h, and Red 613-1abded anti-CD19. Threecolor analysis showed that a small proportion of the B ceils were stained by both anti-K and anti-X (Fig. 1 A) . In five different donors tested, the proportion of K+X + B cells ranged from 0.2 to 0.5% of B ceils in peripheral blood.
K+X + B cells from three donors were sorted and immediately cloned by limiting dilution in the presence of EBV. Transformed clones developed with low efficiency (1-5%), typical of EBV transformation. All five dories isolated expressed both K and X on the cell surface ( Fig. 1, D-G ). All the clones had a normal DNA content as detected by cytofluorimetric analysis, thus excluding the possibility that they might have derived from the fusion of two B cells (data not shown).
The culture supernatant was tested by ELISA for the presence of Ig H and L chain determinants. All five K+X + clones produce IgM and both K and X L chains, although at different ratios ( Fig. 2 A) . In addition, both g and X are present in the same Ig molecule, since the culture supernatants gave a . In all the JK segments used 0K 2, 3, and 4) we found one nucleotide variation from the published sequences (29). We did not consider this variation to be due to the hypermutation mechanism. To confirm that the stop codons found in the VK of clones RR25 and FSA10 were somatically derived, the corresponding germline VK segments were sequenced and are reported as RR25gl and FSA10gl. These sequence data are available fi'om EMBL/GenBank/DDBJ under accession numbers Z46626, Z46634, Z46624, Z46622, Z46620, Z46616, Z46628, Z46615, 7_.,46619, Z46627, Z46618, Z46625, Z46623, and Z46621, respectively.
positive signal in an ELISA assay in which the capturing antibody is anti-~c and the developing antibody anti-), (Fig. 2 B) . Evidence for Somatic Mutations in ~c+~ + B Cells. The K +)`+ clones were analyzed by RT-PCR using degenerate VK and V)` oligonucleotides followed by direct sequencing from two independent PCR to minimize possible errors of the Taq polymerase. In all cases, the direct sequences of these products were unique, indicating that only one K and one )` allele were expressed in each clone.
Since the human K locus has been extensively sequenced (21), it was possible to identify the corresponding germline gene and thus the potential somatic mutations. This was more problematic for the )` sequences, since much less information is available (22) (23) (24) . Three out of the five clones showed candidate mutations in both the VIC-JK and, possibly, in the V)`-J)` segments (Fig. 3, clones L47, F29, and L32) . One clone (F21) had a germline VK and V)`-J)`, but contained two mutations in the JIc2 segment. The fifth clone (G28) Figure 4 . Clones FSA10 and RR25 carry one rearranged K allele. Southern blot analysis with a CK probe on B cell clones FSA10 (IgG~,), Rtk25 (IgMX), and 11.3 (IgGK), and a T cell clone (CO8.1) as a germline control. Note that the second K allele of both FSA10 and ILR25 clones is deleted. possessed a nonmutated K chain, whereas the V~ could not be clearly assigned. As already noticed, extra nucleotides were often present at the V-J junction and either could be due to an accumulation of mutations in the CDR3 or to additions by TdT (Fig. 3) . A very short VK-JK junction lacking four ainino acids were found in clone L32. However, this K chain paired to the H chain and was expressed on the cell surface (Fig. 1 F) .
In summary, the sequences of K and X L chain genes in dual receptor B cells do not show any special features that may distinguish them from those expressed by single receptor B cells. Three out of five cases show a modest degree of somatic mutation.
Identification 3) . Both VK genes involved (VKA3 and VKB3) were reported to be functional, but in these clones they were crippled by a mutation resulting in the substitution of tryptophane 35 with a stop codon (Fig. 3) .
To rule out the possibility that the stop codons might represent rare allelic variants and not a somatic mutation event, the corresponding germline Vg segments were amplified and sequenced from T cell lines obtained from the same donors from which the clones were isolated. In both cases the results confirmed the somatic origin of the crippling mutation (Fig. 3) .
The possibility that the K sequences were due to contaminants of the clones was ruled out by two experiments. First, clones FSA10 and RR25 were subcloned and all subclones tested carried the same K message (data not shown).
Second, Southern blot analysis demonstrated that both FSA10 and Rlk25 carry one rearranged K allele (Fig. 4) .
Discussion
Our results demonstrate that a small fraction of human mature B cells express both K and ~ and produce hybrid antibodies. This finding supports the stochastic versus regulated model of gene rearrangement. The fact that both in B and T cells (33, 34) it is possible to find exceptions to the "one cell one receptor" rule indicates that there are no specific mechanisms that prevent the generation and selection of dual receptor lymphocytes.
What may be the origin of K+~, + B cells? A first possibility is that a secondary ~ rearrangement took place as a consequence of receptor editing. In transgenic animal models it has been shown that autoreactive B cells can edit their receptor by rearranging new VL genes (10) (11) (12) . However, receptor editing must lead to loss of the autoreactive receptor, due to preferential pairing of the new L chains or possibly deletion of K. Because in the dones described here both K and ~ chains are expressed on the cell surface, we tend to exclude receptor editing as an explanation for K + X+ B cells.
A second possibility is that in K+X + B cells the first L chain produced, although able to pair with the H chain, may have failed to terminate recombination, possibly because of failure to induce positive selection (13) .
A third and more likely possibility, in the context of the stochastic model of Ig gene rearrangement, is that simultaneous rearrangements at both L chain loci may occur at low frequency and result, in some cases, in the production of K + ~,+ B cells. This notion is supported by several published exceptions to the K-X hierarchy of rearrangement (35) (36) (37) (38) and by the finding of one K + clone bearing an out-of-frame rearranged X allele and one ~,+ clone with both K alleles in germ line configuration (Giachino, C., unpublished data).
Our analysis is limited to isotypic exclusion, which is set to a large extent by the asynchronous rearrangement at the two L chain loci. We suggest that there will be also cases of dual receptor B cells generated by lack of allelic exclusion. These cases may actually be more frequent because of a more synchronous rearrangement of the two alldes at the same locus.
An intriguing possibility is that dual receptor B cells can achieve isotypic exclusion as a consequence of somatic mutation leading to inactivation of the "passenger", i.e., nonselected L chain. This possibility is dearly illustrated by the two )~+ clones that carry an otherwise functional Vx gene and that have been somatically inactivated.
